The oxidative dehydrogenation of ethane to ethylene was studied using a MoO 3 based catalyst supported on g-alumina spheres. The measurement of species and temperature profiles through a fixed bed reactor shows for the first time the reaction pathways inside the catalyst bed directly. Oxidative dehydrogenation of ethane to ethylene and water occurs on the redox sites of MoO 3 only in the presence of gas phase oxygen. Further oxidation of the product ethylene to carbon dioxide occurs as a subsequent reaction step by lattice oxygen of MoO 3 . Deep oxidation of ethylene to CO 2 is the only existing reaction in the absence of gas phase oxygen reducing MoO 3 to MoO 2 . Oxidation of CO and C 2 H 6 by lattice oxygen does not occur.
Introduction
During the last decades the spectroscopic characterization of working catalysts has received more and more attention because it was observed that many catalysts adapt dynamically to the reaction conditions e.g. by changing their particle structure 1 or bulk and surface composition. 2 Due to physical constraints of many spectroscopic methods, the usage of one and the same reactor for kinetic measurements and spectroscopic characterization of the working catalyst is rather the exception than the rule. As reviewed by Meunier, 3 most spectroscopic cells are designed for optimal spectroscopic performance but are kinetically often ill defined. Only a few methods such as UV/Vis, 4, 5 Raman, 5 EPR 6 and X-ray absorption spectroscopy 5, 7 have been successfully used to measure kinetic and spectroscopic data simultaneously in kinetically well defined fixed bed tubular reactors. In the field of IR spectroscopy deficiencies of standard cells, e.g. temperature gradients, are partly solved by optimizing the cell and flow geometry. 8 All in situ spectroscopic methods listed above employ electromagnetic radiation of different frequency which can either be guided into the reactor by means of optical fibers, 4 interact with the catalyst through the reactor wall in a backscattering geometry 9 or shine through the entire reactor in transmission geometry. 7, 8 Some of these methods even provide spatially resolved spectroscopic data illustrating how the catalyst adapts dynamically to the varying chemical potential along the flow direction of the reactor. 7, 9 Resolving spatial gradients in heterogeneous catalytic reactors becomes in fact more and more important as reviewed by Urakawa and Baiker. 10 However, whereas spectroscopic profiling has been demonstrated for fixed bed reactors, 7, 9 simultaneous kinetic data have never been measured. On the other hand, whenever spatially resolved kinetic data were reported, e.g. in honeycomb catalysts 11 or powdered catalysts 12 corresponding spectroscopic data were missing. In the present work we combine both information for the first time by conducting spatially resolved kinetic and spectroscopic measurements in a fixed bed tubular reactor simultaneously.
To demonstrate the feasibility of this new method, the oxidative dehydrogenation (ODH) of ethane to ethylene (eqn (1) 14 Beyond that, ethane ODH is interesting from a practical point of view for producing valuable ethylene from cheap and abundant ethane. 15 The advantage of resolving spatial profiles in a fixed bed reactor is that transient processes are translated into spatial gradients which can be conveniently measured at steady state. In contrast to most in situ studies, the spectroscopic technique is here adapted to a kinetically well defined reactor instead of using a cell optimized for spectroscopy at the expense of an ill defined flow and mixing pattern. Spectroscopic profiling reveals how the catalyst adapts to the changing chemical potential along the flow coordinate. Quantifying temperature and spectroscopic profiles along the central symmetry line of the reactor has the advantage that no heat losses occur, which is a severe problem if windows are used for optical access. 8 As such, spatial reactor profiles are a powerful add-on to classic kinetic studies, 16 pulse experiments 17 or isotope transients 18, 19 which have all been applied to study ODH reactions on transition metal oxide catalysts. In summary, measuring spatially resolved kinetic and spectroscopic profiles along the centerline of a fixed bed tubular reactor is a novel approach to resolve the dynamics of a catalyst under working conditions. 
Catalyst preparation
A 50 wt% g-alumina supported molybdenum oxide catalyst was prepared by incipient wetness impregnation. The required mass of AHM was dissolved in deionized water at a pH of 5.2. In total 20 impregnation steps were conducted and the solvent was evaporated between each step at 120 1C for 2 h. After the impregnation the catalyst was dried at 120 1C overnight and then calcined at 540 1C in static air for 6 h. Catalyst coating reduced the available surface area from 157 m 2 g À1 of the pure support to 56 m 2 g
À1
. Prior to the reactor measurements the catalyst was activated in a flow of oxygen (100 ml min
) at 540 1C for 1 h.
Experimental setup
A detailed description of the reactor setup capable of measuring species, temperatures and spectroscopic profiles through a fixed bed tubular reactor can be found in an earlier publication by the authors. 20 In short the reactor consists of a fused silica tube with an inner diameter of 18 mm and a wall thickness of 10 mm in which a 3 cm high bed of catalyst spheres is positioned. A picture and a drawing of the experimental setup are presented in Fig. 1 . The catalyst bed was positioned on top of a cylindrical piece of ceramics, termed front heat shield in Fig. 1 , which was gas tightly fitted in the reactor tube by wrapping it with a ceramic mate (Interam 3 M). The front heat shield also served as a flow distributor and as a guide for the fused silica sampling capillary (OD 700 mm, ID 520 mm) running through the catalyst bed. A small fraction of the reacting gas mixture was sampled through an orifice (25 mm) in the wall of the sampling capillary and transferred to a mass spectrometer (QME 200, Balzers) for analysis. A thermocouple (OD 350 mm) for measuring the gas phase temperature was inserted into the capillary with its tip aligned with the sampling orifice. The capillary-thermocouple assembly could be translated up and down through the catalyst bed with mm resolution by means of a stepper motor to measure spatial profiles of all major species and the gas temperature. The overall spatial resolution of the sampling probe is mainly governed by the intake region of the sampling orifice and the scan velocity. For the present work it amounts to about 100 mm. For spatially resolved Raman spectroscopy the thermocouple was exchanged with the optical fiber sensor and also aligned with the sampling orifice.
The optical setup comprising the sensor and the coupling optics for the incoming laser and the emitted Raman/Rayleigh light is shown in Fig. 2 . The optical sensor consists of a beveled fiber with an outer diameter of 140 mm positioned inside a light guiding capillary with an inner and outer diameter of 150 mm and 363 mm respectively (both Polymicro Technologies). The laser light was coupled to the central fiber using a 10Â objective and was emitted at the beveled end of the fiber as a sharp ring illuminating the catalyst. Raman and Rayleigh scattered light from the catalyst was then collected by the likewise beveled end of the light guiding capillary. At the plane exit of the light guiding capillary the emitted light was collimated by a concave mirror, passed through a long range edge filter (RazorEdge 647.1 nm, SEMROCK) to remove Rayleigh scattered light and was focussed onto a fiber bundle transferring the light into a spectrometer for analysis. Each Raman spectrum was accumulated for 300 s at two wavelength ranges, 180-650 cm À1 and 650-1050 cm À1 respectively. A high resolution grating (1800 lines cm
À1
) was used to obtain high quality Raman spectra from the catalyst.
Catalyst characterization
The surface area of the catalyst was determined by nitrogen BET measurements at 77 K with an Autosorb-6B (Quantachrome). Phase composition was analyzed by X-ray diffraction (STOE STADI-P and Autosampler) over a 2y range from 101 to 1101 using the K a line of copper. Raman measurements were conducted using the 647. ). 23 Ethylene in contrast is formed on the redox sites of the catalyst. 24 The same authors claim that further oxidation of ethylene occurs also on molybdenum redox sites. This reaction sequence is directly shown here for the first time on a catalyst under reaction conditions. Fig. 4 presents a close-up view of the C 2 H 4 and CO 2 profiles in the catalyst bed. A linear regression of the initial slopes from the first two mm of the catalyst bed reveals that the primary product ethylene is formed with a non-zero slope, whereas the initial View Article Online formation rate of CO 2 from deep oxidation of ethane is close to zero (o20% of the ethylene value), marking CO 2 as secondary product. Both maximum slopes of ethylene and CO 2 in contrast are nearly 10 times larger than the initial CO 2 formation rate showing a much faster production of CO 2 from C 2 H 4 than from direct ethane oxidation. However, ethane is readily oxidized to CO as indicated in Fig. 3 by the high initial CO formation at the entrance of the catalyst bed. Ethylene formation is clearly a catalytic process because nearly no C 2 H 4 is formed in the catalytically inactive front heat shield (FHS). The formation of ethylene by oxidative dehydrogenation of ethane with gas phase oxygen and the combustion of ethylene by lattice phase oxygen leads to a maximum in the ethylene profile at about 15 mm, marked as a in Fig. 3 . At point a the oxygen partial pressure in the gas stream has declined from initially 63 mbar to about 7 mbar. CO 2 production continues even beyond the point of complete oxygen conversion b, indicating the participation of lattice oxygen as oxidizing agent. Interestingly the only carbon containing species with a finite consumption rate after point b is ethylene. This can be taken as evidence that lattice oxygen is responsible for deep oxidation of C 2 H 4 to CO 2 , whereas the oxidation of CO and C 2 H 6 by lattice oxygen is not detectable. A calculation shows that when the experiment was interrupted, reduction of the last 10 mm of the catalyst bed from MoO 3 ) shows that complete reduction of the bed would have required about seven more hours time on stream. Therefore, the catalyst downstream point B was not yet in steady state. Indeed it was visually observed that the spheres at the exit became darker with longer time on stream (MoO 3 is colorless, MoO 2 dark violet). H 2 formation increases with increasing degree of reduction in the absence of gas phase O 2 .
In situ Raman profile measurements
The visually observed zoning of the catalyst bed was analyzed by spatially resolved in situ Raman spectroscopy using the novel fiber optic sensor shown in Fig. 2 . Unfortunately the sensitivity of the Raman fiber sensor is not yet high enough to evaluate and follow the signals of all relevant vibrations such as that of Mo-O-Al, which was reported to be the catalytic active site. 25 Nevertheless it was possible to follow the reduction of crystalline MoO 3 , which exhibits a much higher Raman scattering cross section than all the other species present. 26 Even though the trioxide might not be the active site for the catalytic conversion, it can be deduced from the species profiles that its lattice oxygen is responsible for ethylene oxidation to CO 2 . The high mobility of lattice oxygen at the local temperatures in the reactor is in good agreement with the findings by Ressler et al.
27
At the entrance of the bed the catalyst spheres are yellow/ grey and turn violet/black after about 19 mm, where the gas phase O 2 partial pressure approaches zero (cf. Fig. 3 ). Fig . 6 shows the corrected Raman spectra in dependence of the sampling position. The procedure of how the Raman spectra of the species were extracted from the raw data and how the spectra were corrected for the local brightness of the catalyst bed is explained in Section 3.3. Without a quantitative analysis, which is beyond the scope of this paper, there is a clear correlation between the oxygen partial pressure indicated in blue in Fig. 6 and the oxidation state of the catalyst. With decreasing oxygen partial pressure the MoO 3 crystallites become partly reduced and more defect rich.
As already discussed by Ressler et al. 27 the transformation from MoO 3 to MoO 2 proceeds through a collapse of individual This decline can be resolved by our fiber optic Raman probe, which has a spatial resolution of about 1 mm as shown in a previous work by the authors. 29 
Raman signal deconvolution
The collected Raman spectra are a superposition of three contributions: (i) the Raman spectrum of the catalyst, (ii) a constant fused silica Raman background generated inside the fiber and transmitted to the capillary by cross talk without leaving the fiber tip and (iii) a variable fused silica Raman background resulting from Raman scattered light generated inside the excitation fiber, emitted at the beveled fiber tip and recollected by the light guiding capillary. The constant fraction of the fused silica Raman background was measured by placing the Raman sensor outside the reactor in air. The fused silica Raman background measured at a certain position inside the catalyst bed was generally higher than the fused silica Raman background measured outside the reactor due to the additional variable portion of the background signal which is a measure of the darkness and selfabsorption of the catalyst bed. To correct the catalyst Raman spectra for the latter, the fused silica Raman background measured outside the reactor was multiplied with a factor F to match the fused silica Raman background measured inside the catalyst bed (cf. Fig. 5 green spectrum vs. blue spectrum). The obtained background spectrum was subtracted from the local Raman spectrum inside the catalyst bed and the resulting difference spectrum was divided by (F À 1) to correct for the self-absorption of the catalyst bed (eqn (2)).
S sample,brightness corrected = S sample /(F À 1)
All changes in the brightness corrected Raman spectra, such as those shown in Fig. 6 , are real and due to changes in the catalyst structure and composition.
Ex situ sphere bed analysis
The advantages of ex situ analysis are the often higher sensitivity and lower setup complexity. Especially for materials maintaining their bulk structure after reaction, ex situ investigations are still important. This was shown by the work of Ledoux et al. concerning carbon modified MoO 3 in the n-butane dehydrogenation using XRD analysis for the determination of the phase composition. 30 Also in the present work, ex situ catalyst characterization was performed to cross check the results from the in situ measurements. The reaction was interrupted after 5 h time on stream. Catalyst spheres from three different regions of the catalyst bed were extracted; bright yellow/grey spheres from the inlet region (region A), grey spheres from about 19 mm downstream (region B) and dark spheres from the end of the catalyst bed (region C). Ex situ Raman spectra of these spheres measured under a Raman microscope are presented in Fig. 7 . ) are not assigned to specific vibration modes, but are representative for this phase and described by Camacho et al. 31 The dominant presence of the signals from the trioxide phase results from the much lower Raman cross section of the dioxide and strong self-absorption. 32 Nevertheless, the coexistence of the trioxide and the dioxide phase at the position of full oxygen conversion is clearly visible in Fig. 7B . To confirm the Raman assignments, XRD diffractograms were measured on spheres from regions A, B and C. The results are shown in Fig. 8 together with a diffractogram of the 'as prepared' spheres. The main reflexes were assigned according to Regalbuto et al. 33 and Kumari et al. 34 
Conclusion
The present work demonstrates for the first time combined kinetic and spectroscopic reactor profiles measured with high resolution through a fixed bed tubular reactor under in situ conditions. Oxidative dehydrogenation of ethane to ethylene on a nominally MoO 3 /g-Al 2 O 3 catalyst was chosen as a test reaction. Already a qualitative analysis of the obtained kinetic and spectroscopic data provides detailed insight into the kinetics of the reaction and the dynamics of the catalyst which are closely coupled. Ex situ catalyst characterization by micro-Raman spectroscopy and X-ray diffraction complements the in situ data. Fig. 9 summarizes the mechanistic picture that was derived schematically. In the entrance section of the catalyst bed where the gas phase oxygen partial pressure is still high (region A), MoO x is present as MoO 3 which functions as a catalyst for oxidative dehydrogenation of ethane to ethylene and water. Also by reaction with gas phase oxygen, CO is formed in a rapid consecutive reaction. With decreasing gas phase oxygen partial pressure, MoO 3 becomes gradually reduced to MoO 2 such that the catalyst presents actually a phase mixture of MoO 3 and MoO 2 and possible suboxide phases that were not detected by methods used in this work. Interestingly, the lattice oxygen does hardly attack ethane or carbon monoxide but rather oxidizes selectively the desired product ethylene to carbon dioxide and water. At very low oxygen partial pressures in the gas phase, hydrogen appears as another product. The reduction of MoO 3 goes to completion and basically phase pure MoO 2 is formed upon full conversion of gas phase oxygen. From a methodical point of view it was shown that spatially resolved Raman spectroscopy could be coupled with the spatial kinetic data, revealing the intimate interplay between reaction kinetics and catalyst dynamics. The combination of kinetic and spectroscopic reactor profiles takes in situ catalysis research to a new level and motivates further improvements and the extension to other spectroscopic methods. View Article Online
